THE behavior of the pulmonary vascular resistance during exercise in patients with ventricular septal defect or patent ductus arteriosus influences the magnitude and direction of tlhe shunt of blood across the defect and also may provide clues concerning the genesis of the pulmonary hypertension often seen in large defects. In previous studies,1' 2 pulmonary artery wedge pressure had not been determined, so that the possible influence of high left ventricular filling pressure on elevation of pulmonary artery pressure during exercise could not be evaluated.
Experience in this laboratory suggested that pulmonary artery wedge pressure might rise during exercise, since patients with very large left-to-right shunts through ventricular septal defects generallv showed higher wedge pressure than patients with small shunts. Nadas3 reported the same experience. These considerations led us to stuidy pulmonary and systemic hemodynamics in such patients during exercise. The upright position was used to make the exercise comparable to that usuallv attempted by man. Besides determining wedge pressure, we attempted to evaluate the role of intrapleural pressure and to investigate the possibility of pulmonary venous oxygen unsaturation during exercise in patients with right-to-left shunts, since this would cause erroneous calculations of pulmonary blood flow by the Fick method if full saturation were assumed.
Methods
Eight patients with ventricular septal defect and one with patent ductus arteriosus form the material for the study (tables 1 and 2). None was taking any cardiac medication or had congestive heart failure. Patient 6 had undergone an unsuccessful attempt to repair a ventricular septal defect 7 months before the study.
Each patient was admitted to the hospital a From the Department of Medicine, University of Illinois, Chicago, Illinois. day in advance to permit practice of the exercise procedure. A small glass of milk and 50 mg. of secobarbital were given on the moming of the test. Right heart catheterization was then performed with the patient in the supine position. A double-lumen catheter was placed in the pulmonary artery so that its tip lay in the wedge position, judged by the nature of the pressure pulses and usually also by the sampling of fully oxygenated blood. The other lumen lay in the pulmonary artery 12 cm. proxirlal to the tip. A second catheter was advanced into the mid-right atrium and an indwelling needle was placed in a radial artery.
The fluoroscopic table was then raised to the upright position so that the patient could sit on an attached seat and pedal a bicycle ergometer. Pedaling produced external work in an amount that could be read from a meter. The mid-right atrial level was located fluoroscopically and all right heart pressure gages were leveled at this point. The ends of the catheter recording the pulmonary artery and wedge pressures were often a few centimeters higher or lower than the zero level. A determined effort was made to prevent the patient from slumping down during the exercise. The radial artery pressure gage was placed at the level of the wrist, but the distance from this level to the mid-right atrium was inadvertently not measured. This distance was later determined from a knowledge of arm length obtained from Richer's data4 on arm length:body height ratios, and from a measurement of distances from the shoulder to right atrium on the patient's chest film. The average arterial blood pressure correction derived in this way was ,v-= 0.97 (blood oxygen capacity 0 -0.62) + 0.26 where 0.62 and 0.26 represent physically dissolved oxygen in blood exposed in a tonometer to room air and in pulmonary venous blood, respectively.
Left-to-right shunt = Q-Qp.
Bidirectional shunts were estimated as follows: where PPA, PPAW, PSA and PRA represent mean pressures in the pulmonary artery, pulmonary artery wedge, systemic artery, and right atrium, respectively.
All seven patients were exercised during two or three 4-minute periods at progressively increasing work levels so that the final level required moderately heavy but not exhausting work. The amount of external work varied with the tolerance of the individual patient. Two patients bicycled at the same exercise level for two or three 4-minute periods to assess the achievement of a steady state. Each patient synchronized his cycling rate to a metronome. Pressures were recorded during the third minute, and the cardiac output was measured during the fourth minute of each period.
Analyses of duplicate samples of expired air in a Scholander micro gas analyzer agreed within 1 per cent for CO2 and within 0.6 per cent for 02. Blood oxygen saturation was determined spectrophotometrically with a coefficient of variation of 0.9 saturation percentage units. Blood oxygen capacity was measured at rest and at the final level of exercise with a Van Slyke manometric apparatus. Pressures were recorded with strain gages or variable inductance transducers; mean pressures were electrically integrated.
To justify the assumption of 97 per cent pulmonary venous oxygen saturation in patients with high pulmonary vascular resistance, we obtained left atrial blood during exercise in three patients not included in the series described above. The left atrium was entered by transseptal catheterization in a patient with truncus arteriosus and from the right atrium through a patent foramen ovale in a patient with patent ductus arteriosus with right-to-left shunt. Another patient had high pulmonary vascular resistance with patent ductus arteriosus, right-to-left shunt and preductal coarctation. In none of these patients was the oxygen saturation of left atrial blood less than 94 per cent during exercise when systemic arterial blood oxygen saturation was 74, 90, and 59 per cent, respectively. Therefore the assumption that left atrial blood is fully saturated in such patients despite high pulmonary vascular resistance seems reasonable.
Since intrathoracic vascular pressures at rest and exercise cannot be compared if mean intrapleural pressure changes with exertion, esophageal pressure 5 was measured during upright bicycle exercise in four of these patients (no. 1, 3, 6, and 7) and in one additional patient with patent ductus arteriosus and high pulmonary vascular resistance (table 3) . During moderate exertion mean esophageal pressure varied less than 1 mm. Hg except in one patient in whom it decreased 4 mm. Hg. These results are similar to those in Donald's subjects,6 who exercised supine at comparable intensity.
Results
The nine patients may be divided into two well-defined groups according to their pulmonary vascular resistance, which was normal in patients 1 to 5 and distinctly elevated in patients 6 to 9. Although heart rate seems unusually rapid at exercise in tlhe patients with high PVR, the rate of increase in tlleir heart rate as oxygen consumption increased was not significantly different from patients with low PVR. As shown by Cassels and Morse,7 ventilation was high in the high PVR group and showed an abnormally rapid rate of rise with increasing oxygen consumption ( fig. 1 ).
Wedge pressure was similar in the two groups and tended to rise slightly with exercise in both but never reached abnormal levels. Right atrial pressure behaved similarly. Pulmonary artery pressure rose in both groups during exercise, but the increase was more striking in the high PVR group (figs. 2 
and 3).
Blood flow through both the systemic and pulmonary circuits at rest was generally lower in the high PVR group than in low PVR patients (figs. 4 and 5). Patient 7, however, unaccountably showed a rather high pulmo- Circulation, Volume XXIX, January 1964 nary blood flow at rest in the face of low systemic flow. The two groups did not differ with respect to the rate of increase of flow through either circuit at increasingly severe exercise. In the low PVR group left-to-right shunt decreased with exercise in patients 1, 2, and 3, but increased in patients 4 and 5. In high PVR patients there was little change in this measure except in patient 7, whose high resting pulmonary blood flow has already been mentioned. In the latter group right-to-left shunt appeared or increased in all patients during exercise.
Pulmonary vascular resistance tended to increase slightly with exercise in the group with high PVR and fell during exertion in all but two of the patients with low PVR. Systemic vascular resistance generally was high at rest in patients with high PVR. It fell with exercise in all patients but one, in whom it was unusually low at rest. The reduction was especially striking in patients 7, 8, and 9. Systemic blood flow at rest and exercise plotted against oxygen consumption. Notation as in figure 2 .
rate, did not achieve entirely steady oxygen consumption, pulmonary arteriovenous oxygen difference, pulmonary blood flow, heart rate, and ventilation during consecutive measurement periods. Exercise The changes in these variables, about 5 per cent during the minute of gas and blood collection, demonstrate the difficulty of attaining an entirely steady state during an exercise of more than mild intensity. Visscher and Johnson 9 have pointed out the pitfalls involved in the assumption that a sample of blood drawn uniformly over a period of time has the same oxygen content as a uniform sample taken from each unit of blood flowing past the sampling site. If both blood flow rate and blood oxygen content are varying, an error will be introduced into the calculations of blood flow by the Fick principle. Wood and co-workers 10 have pointed out that during exercise similar to that performed by our patients an error in mixed venous oxygen content of about 0.5 vol. per cent may arise. In the present study this would result in approximately a 6-per cent flow calculation error, which is quite acceptable. Since pulmonary venous blood at exercise is probably fully saturated, pulmonary blood flow values at both rest and exercise therefore are reasonably reliable.
Pulmonary vascular resistance data are open to several objections"1 that limit their precise interpretation. Our data indicate that alteration of mean intrapleural pressure during various states of exercise probably does not contribute to error in this measurement.
The assumption that oxygen content of right atrial blood is equivalent to that of mixed venous blood is open to question although close correspondence has been noted 12 when the catheter tip lies close to the tricuspid valve. Systemic vascular resistance data, which depend in part upon systemic blood flow measurements, are also suspect for these reasons. In addition, the theoretical limitations of the concept of a single figure as a representation of systemic vascular resistance in a complex circulation consisting of several parallel circuits, each of a different capacity and resistance, are well known. For these reasons, data for systemic blood flow and vascular resistance are of reasonable reliability only at rest. Exercise values for these measures, as well as for shunts of blood between the greater and lesser circulations, are included to indicate probable trends. The remarkably low resting-sitting cardiac output of three of the four patients with severely elevated pulmonary vascular resistance is a striking feature of these results. This finding differs from the observations of Swan, Marshall, and Wood,2 whose patients with high PVR had normal resting systemic flow in the supine position. In each instance the opening of new vascular channels in exercising muscle greatly lowered high systemic vascular resistance. This occurrence, together with the small rise in pulmonary resistance taking place during exercise in some of these patients, resulted in a sizable increase in the amount of blood shunted from right to left across the ventricular septal defect. Thus, unlike patients with congestive heart failure, in whom the low resting cardiac output fails to rise normally with exercise,13 these patients enjoyed a normal rate of rise of systemic blood flow during work in the upright position. Since much of this increment in blood flow originated as systemic venous blood shunted from right to left across the ventricular septal defect, arterial oxygen saturation dropped sharply. As in the patients of Swan, Marshall, and Wood, the ratio of pulmonary blood flow to systemic blood flow fell during exercise.
Pulmonary vascular resistance rose in patients 6 and 7, but in patients 8 and 9 the trend was more difficult to discern. The exercise response of three of our patients with low pulmonary artery pressure consisted of a fall in PVR. At exercise patient 3 showed a small Circulation, Vo.lume XXIX, January 1964 rise in pulmonary resistance, which had been low at rest, and in patient 5 no definite change was observed. These findings resemble those of Swan, Marshall, and Wood,2 who found that high pulmonary vascular resistance values are likely to rise further during exercise. The remarkably close correlation (fig. 3 ) of the rate of rise of pulmonary artery mean pressure during exercise to the resting pulmonary vascular resistance could be expected, since pulmonary blood flow increased about the same amount in all patients and comparatively small changes in PVR occurred.
Wedge pressure measurements rose somewhat less than normal during exercise in patients with high pulmonary vascular resistance, and in general patients with the greatest increase in pulmonary blood flow showed most rise in wedge pressure. None of these changes was of large magnitude, however. The present study affords no evidence that left ventricular failure is implicated in the production of the pulmonary hypertension seen in some patients with ventricular septal defect.
Summary
Nine patients having ventricular septal defect or patent ductus arteriosus performed bicycle exercise of moderate intensity in the upright position while oxygen consumption and pulmonary and systemic blood flows and pressures were being measured. Resting pulmonary vascular resistance (PVR) was normal in five patients and elevated in four.
Right-to-left shunt became apparent or increased during exercise in patients with elevated PVR. The rise of pulmonary "wedge" pressure and of right atrial pressure during exercise was not related to the resting PVR.
Both ventilation and pulmonary artery pressure increased more rapidly during exercise in patients with high PVR than in the normal PVR group.
Left atrial blood remained fully saturated during exertion in three patients with high PVR and arterial oxygen unsatuiration.
Background
Whoever then devotes himself to this useful study & would make the greatest advantage of this short life in the pursuit of so extensive an art, should first take a view of its rise & progress and present state. But, I should premise, he is supposed to come to this study sufficiently versed in Latin & Greek & able to read over one or two modern languages. And tho' his character as a scholar (for every physician is expected to be such) besides his acquaintance with the ancient classical writers, requires that he should not be ignorant of geography, chronology, history, logic, metaphysics, ethics, mathematics and natural philosophy; yet of all these the two last demand his especial attention, if he would be secure from error, & superstition, from mistaken theories and ill grounded practice. Thus prepared then let him take a general survey of the ancient and present state of physic.-WILLIAM HEBERDEN. An Introduction to the Study of Physic. New York, Paul B. Hoeber, Inc., 1929, p. 77. Circulation, Vo.lumze XXIX, January 1964 
